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Abstract
The LHCb detector at the LHC has a pseudorapidity coverage (2 < η < 5) which allows it to perform particle
production measurements in a kinematic region where QCD models have large uncertainties. Selected analyses on
particle production measurements in pp collisions are summarised in these proceedings. The energy ﬂow has been
measured separately for diﬀerent event classes allowing to probe multi-parton interactions at large η. The measured
prompt hadron ratios are important for hadronisation models, while the p/p ratio is a good observable to test models
of baryon number transport. Charm production has been studied to determine cross-sections and production ratios.
All measurements are compared to a variety of theory predictions.
1. Introduction
The LHCb experiment at the Large Hadron Collider
is a dedicated experiment to study CP-violating pro-
cesses and rare decays of hadrons containing beauty
and charm quarks. The detector is a single-arm forward
spectrometer [1] designed to eﬃciently detect the decay
products of B-hadrons in a pseudorapidity range of ap-
proximately 2 < η < 5. This allows LHCb to make
particle production measurements in a kinematic region
which is less accessible to the general purpose detec-
tors. The analyses presented in these proceedings are
selected particle production measurements performed
with data from proton-proton (pp) collisions at centre-
of-mass energies of
√
s = 0.9 and 7 TeV. Events were
recorded with minimum bias triggers in the low lumi-
nosity running phase in 2010, where the data contain
very little contribution from pile-up events. Important
for the presented analyses is the tracking system, which
is composed of a high precision silicon Vertex Locator
(VELO) surrounding the interaction point and the main
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tracking stations located downstream of a dipole mag-
net. Particle identiﬁcation (PID) is performed by two
Ring Imaging Cherenkov (RICH) detectors which allow
separation of charged particles in a momentum range of
2 − 100 GeV/c.
2. Forward Energy Flow
The LHCb collaboration has measured the energy
ﬂow (EF) in the forward pseudorapidity region [2]. For
a particular pseudorapidity interval Δη the total energy
ﬂow dEtot/dη is deﬁned as
1
Nint
dEtot
dη
=
1
Δη
⎛⎜⎜⎜⎜⎜⎜⎝
1
Nint
Npart,η∑
i=1
Ei,η
⎞⎟⎟⎟⎟⎟⎟⎠ , (1)
where Nint is the number of inelastic pp interactions
and Ei,η the energy of the individual particles. EF at
large pseudorapidities is relativley independent on the
hadronization process and probes directly multi-parton
interactions (MPI) and parton radiation, which con-
tribute to the underlying event in proton-proton colli-
sions. The measurement has been performed with four
diﬀerent event classes:
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Figure 1: Total energy ﬂow as a function of pseudorapidity presented for four event classes. The LHCb data is compared to diﬀerent predictions
from the PYTHIA event generator.
1. an inclusive minimum bias sample, where at
least one reconstructed track with a momentum p
greater than 2 GeV/c in the forward acceptance
(1.9 < η < 4.9) is required;
2. a hard scattering sub-sample, which implies at
least one high pT track per event (pT > 3 GeV/c)
in the forward acceptance;
3. a diﬀractive enriched sample, where together with
the reconstructed track in the forward acceptance
no track is found in the (backward) pseudorapidity
range of −3.5 < η < −1.5, exploiting the backward
coverage of the VELO. This selection uses the fact
that a large rapidity gap is an experimental signa-
ture to identify diﬀractive processes.
4. a non-diﬀractive enriched sample of events with
at least one track of momentum p greater than
2 GeV/c in the forward acceptance and an addi-
tional track in the backward acceptance.
The measured total EF, which is the sum of charged and
neutral EF, is shown in Fig.1, superimposed with diﬀer-
ent PYTHIA [3, 4] generator predictions. The EF in the
four event samples increases from the diﬀractive sam-
ple to the inclusive minimum bias and non-diﬀractive
sample up to the hard scattering sample. The errors are
dominated by systematic uncertainties, e.g. model de-
pendence for correcting detector eﬀects, uncertainties
for the track ﬁnding and residual pile-up. These un-
certainties decrease towards larger η which is the most
interesting region for studying MPI phenomena. In all
event classes, the PYTHIA 6 tunes underestimate the EF
especially at larger pseudorapidities but overestimate it
at lower η. Signiﬁcant eﬀort went into improving the
MPI model for the default PYTHIA 8 tune (8.135). It
is therefore in better agreement with the data, except for
the hard scattering sample.
3. Prompt Hadron Production Ratios
Prompt hadron production ratios have been measured
as a function of pseudorapidity in three diﬀerent pT -bins
for pp collisions at centre-of-mass energies of
√
s = 0.9
and 7 TeV [5]. The measured anti-particle/particle ra-
tios K−/K+, π−/π+ and p/p as well as the diﬀerent-
particle ratios (p + p)/(π+ + π−), (K+ + K−)/(π+ + π−)
and (p + p)/(K+ + K−) are probes for hadronisation
models implemented in Monte Carlo event generators.
Furthermore, some of these ratios can be used to test
models of baryon to meson and strangeness suppres-
sion. A crucial ingredient in measuring these ratios is
a good particle identiﬁcation which is provided by the
two RICH detectors. The PID eﬃciencies were directly
determined from data using decays of resonances such
as Λ → pπ−, φ → K+K− and K0S → π+π−. The dom-
inant systematic uncertainty is the PID eﬃciency be-
cause of the limited size of the calibration sample. Com-
paring the measured hadron ratios to diﬀerent PYTHIA
6 tunes shows that no tune is able to describe the entire
set of measurements. Each individual type of hadron
ratio, however, can be described by at least one sin-
gle tune. Of special interest is the p/p ratio, which
is sensitive to baryon number transport. As shown in
Fig. 2, at
√
s = 0.9 TeV the p/p ratio shows a sig-
niﬁcant η dependence which is qualitatively described
by all PYTHIA 6 tunes. Only the Perugia no colour-
reconnection (NOCR) tune, which favours an extreme
model of baryon transport, is able to also give a quanti-
tatively good prediction while other generator tunes un-
derestimate baryon transport. However, at
√
s = 7 TeV
the Perugia NOCR model tends to now overestimate
baryon transport. The same ratio can also be studied
as function of rapidity loss Δy = ybeam − yparticle, deﬁned
as the diﬀerence of the rapidity of the beam and the
considered particle. This representation allows to com-
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Figure 2: Results for the p/p ratio as function of pseudorapidity for
√
s = 0.9 (left) and 7 TeV (center). The LHCb data is compared to three
diﬀerent tunes of the PYTHIA 6 event generator. The p/p ratio as function of rapidity loss is shown on the right with a superimposed ﬁt to data
from several experiments.
pare measurements of experiments at diﬀerent centre-
of-mass energies, as shown in Fig. 2. The LHCb mea-
surement covers a wider range in rapidity loss and im-
proves previous measurements with a better precision.
Combining the LHCb data points and the complemen-
tary ALICE measurement [6] allows to perform a ﬁt
within the Regge model [7]. In this model, baryon pro-
duction at high energies is driven by pomeron exchange
and baryon transport by string junction exchange. In
this framework, the obtained ﬁt parameters are related to
contributions from these two mechanisms. The ﬁt result
of a low string junction contribution with low intercept
point allows to draw conclusions about the associated
standard reggeon or the odderon.
4. Prompt Charm Production
Production cross-sections of charmed hadrons have
been measured with the LHCb detector in pp colli-
sions at a centre-of-mass energy of
√
s = 7 TeV
[8]. The measured diﬀerential cross-sections test pre-
dictions of QCD fragmentation and hadronisation mod-
els. The results are compared to perturbative calcu-
lations at next-to-leading order using the Generalized
Mass Variable Flavour Number Scheme (GMVFNS [9])
and at ﬁxed order with next-to-leading-log resumma-
tion (FONLL [10]). The accessible phase-space of
this measurement reaches from 2 < y < 4.5 in ra-
pidity and up to 8 GeV/c in transverse momentum.
Only promptly produced charm hadrons were consid-
ered. They were either directly produced in the primary
pp interaction or created due to feed-down from prompt
decays of excited charm resonances. Five diﬀerent
types of charm hadrons were analysed by using the fully
reconstructed decays D0 → K−π+, D+ → K−π+π+,
D∗+ → D0(K−π+)π+, D+S → φ(K−K+)π+,Λ+C → pK−π+
and their charge conjugates. Also in this analysis, PID
eﬃciencies were determined directly from data. The
selection criteria were optimized for each decay mode
independently. To disentangle the prompt signal yield
from secondary charm contributions and combinatorial
background, a multidimensional extended maximum
likelihood ﬁt has been performed to the mass and impact
parameter distributions. In case of the D∗+ decay mode
the additional background due to a mismatch of the slow
pion is identiﬁed by considering also the mass diﬀer-
ence of the reconstructed D∗+ and D0. The systematic
uncertainties include globally correlated sources such as
luminosity and track ﬁnding, but also correlated and un-
correlated uncertainties between bins or decay modes.
These are e.g. PID eﬃciencies, branching fractions, re-
construction and selection eﬃciencies and uncertainties
due to the ﬁt models which were used.
The measured diﬀerential cross-sections for the
charmed mesons and theΛ+C baryon are shown in Fig. 3.
The measurement is performed as a function of trans-
verse momentum in diﬀerent bins of rapidity. Both
theoretical predictions (GMVFNS & FONLL) are com-
pared to data from the Tevatron [11] and the ALICE ex-
periment [12, 13, 14] and describe the central rapidity
region well. The FONLL calculations include estimates
of theoretical uncertainties due to the charm quark mass
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Figure 3: Diﬀerential cross-section for D0 (left), D∗+ (centre) and Λ+c (right). Cross-sections in diﬀerent rapidity bins are shown as function of
transverse momentum.
and the renormalisation and factorisation scale. In these
plots only the central values are displayed. Transi-
tion probabilities describing the primary charm quark
to exclusive hadron state transition are based on mea-
surements from e+e− colliders. The GMVFNS frame-
work includes the convolution with fragmentation func-
tions describing c → HC transitions, normalised to
the respective total transition probabilities. The frag-
mentation functions were also obtained from e+e− col-
liders. Uncertainties from scale variations were deter-
mined only for D0 production and assumed to have the
same relative sizes for the other hadron species. Predic-
tions were provided only for pT > 3 GeV/c as displayed
in Fig. 3. The theory calculations are in good agree-
ment with the LHCb measurement. To calculate charm
hadron production ratios and total cross-sections for the
kinematic range of 0 < pT < 8 GeV/c and 2.0 < y < 4.5
only bins with an uncertainty on the yield of better than
50% were used. Contributions from remaining bins
were accounted for by extrapolations from PYTHIA
6.4 simulations. Combining the ﬁve individual cross-
sections in the kinematic range of pT > 8 GeV/c and
2.0 < η < 4.5 results in the total charm cross-section of
σ(cc) = (1419 ± 12(stat) ± 116(syst) ± 64(frag))μb,
where the ﬁnal uncertainty is due to the fragmentation
functions.
5. Summary
The LHCb detector oﬀers an excellent environment
to study soft QCD in the forward pseudorapidity region.
The presented results give insights in the understanding
of multi parton interactions contributing to the underly-
ing event and allow to test fragmentation and hadroni-
sation models implemented in Monte Carlo simulations.
The given results will be references for future generator
optimizations, not only for the LHC but also for cos-
mic ray event generators. The measured charm cross-
sections and production ratios oﬀer the possibility for
further improvements, but also conﬁrm theoretical cal-
culations which were so far only tested in the central
rapidity region.
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